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experiments. Stimulating currents were applied to the fibers by means of a capillary electrode or by mounting the preparation on a bridge-insulator (Tasaki (17), 1942) . The capillary electrode consisted of a glass tubing of 4 millimeters bore drawn to a point having an orifice of 50 to 100 microns in diameter.
In all the experiments described in this paper, threshold determinations were done taking muscle twitches as the index of nerve excitation. RESULTS 1. The role of the node of Ranvier in electric excitation of the nerve fiber. The role of the nodes of Ranvier of the nerve fiber has already been brought to light by a series of previous investigations (Kubo, Ono and Tasaki (9) , 1934; Kubo, Yuge and Tasaki (10), 1936) . The present series of experiments were designed to secure more direct informations as to the behavior of the myelin sheath and the nodes of Ranvier in electric excitation of the nerve fiber. Fig.1 A single nerve fiber-muscle preparation was brought into a large Petri dish filled with Ringer's fluid.
In order to keep the operated region of the preparation at the center of the volume conductor, large blocks of Ringer-agar gel were introduced into the dish and both the proximal and distal unoperated portions of the preparation were fastened to these blocks. Then, a capillary electrode held with a micro-manipulator was approached to the fiber under a low power microscope, and stimulating currents were sent into the fluid by applying differences of potential between this and another large electrode immersed in the fluid.
The electrodes were of the Zn-ZnSO4-Ringer type. When the orifice of the capillary electrode was brought close to one of the nodes of Ranvier of the fiber, it was observed that the preparation responded to relatively weak electric stimuli with muscular contractions of the all-or-none character.
And, only when the capillary, electrode was connected to the cathode of the stimulating circuit, threshold determination by this method yielded reproducible results.
In the experiment of Fig.1 the fiber depends, within a certain limit, only upon thedistance from a node of Ranvier, and not upon the direction from which the electrode is approached to the node. It was further demonstrated that, in the space not far from a node, the observed rheobase varies approximately proportionately as the distance of the electrode from the node, the "iso-threshold" contours being represented by a set of concentric spheres.
It was easy to make similar observations with brief stimulating current pulses.
In the example of the experiments furnished in Fig.2 , a single fiber preparation was excited by condenser discharge shocks of 10 microseconds duration.
The quantities of electricity sent into the fluid medium through the orifice of the capillary electrode in threshold excitation of the preparation were plottes as ordinate against the distance from a node to the electrode (along the fiber) as abscissa.
As can be seen in this example of the results, brief shocks were generally found to become less effective than long rectangular pulses as the distance from a node to the electrode increases.
This fact indicates that the form of the strength-duration curve differs according to the relative position of the micro-electrode to the node of Ranvier.
2, The strength-capacity and the latent addition curves determined with a micro-electrode placed on a node of Ranvier.
When the strength-capacity curve for a nerve fiber immersed in a mass of fluid medium was mapped out with a capillary electrode (cathode) placed close to one of the nodes of Ranvier of the fiber, it was at once revealed that the form of the curve obtained in this manner was appreciably different from that obtained with a single fiber preparation mounted on a bridge-insulator. The difference was such as can be expressed by saying that the time-parameter (e. g. chronaxie)
for the curve is shorter in this experiment than in the experiment with the fiber mounted on a bridge-insulator (see Fig.3 ). Furthermore, the quantity-duration (vrc-rc) relation determined with a micro-electrode placed on a node was found to show a marked tendency to diverge downwards from a straight line in the range corresponding to extremely short durations. The bridge-insulator which was used in this and in the following experiments consisted of two separate pieces of glass plate fixed to a bakelite frame at a distance (gap) of about 0.4 millimeter.
Glass capillaries of about 0.4 millimeter in diameter were fixed at the edges of the glass plates.
After a nerve fiber preparation had been laid across the air gap of the bridge-insulator, the amount of Ringer's fluid on both sides of the gap was increased to the maximum possible extent.
With this experimental set-up, it was easy to observe nodes of Ranvier on both sides of the gap under a low power microscope.
The single fiber preparation mounted on this bridge-insulator was brought under a microscope and the orifice of a capillary electrode was fixed close to the node on the proximal side of the gap. Two large non-polarizable electrodes dipped in the pools of Ringer on the glass plates were then connected to the stimulating circuit as shown by the diagrams in Fig.4 .
The stimulating circuit Fig and sharper than the one determined with two large electrodes immersed in the pools of Ringer in which the preparation is placed.
It should be pointed out in this connection that the configuration of a latent addition curve depends in general also upon the form of the stimulating shocks. Only when the duration of the shocks is negligible as compared with the configuration of the latent addition curve itself, we are assured that the form of the curve is independent of the time course of the stimulating shocks (Tasaki (17), 1942) . It is therefore evident that the curve A in this figure depends to some extent upon the duration of the condenser shocks.
Had we employed briefer shocks and a finer capillary electrode in this experiment, we would have obtained a curve much sharper and shorter than the one shown in Fig.4, A. 4. The site at which a current pulse applied between the two large pools acts. One way to account for the results of the preceding experiment would be to assign the difference in the configuration of the latent addition curves to the difference in the site of action of the stimulating currents in the two cases.
If, for instance, one assume that a current pulse applied between the two large pools of Ringer (in the experiment B in Fig.4 ) excites the fiber at the locus other than the node of Ranvier at which the capillary electrode is fixed, the difference in the configuration of the latent addition curves would not be very surprising.
But, that such an assumption is untenable can readily be shown by the following observation ( Fig.5 ). Using an experimental set-up substancially the same as that for the preceding experiment, a commutator was inserted between the stimulating circuit and the electrodes in such a manner that the conditioning shock (S1) could be applied either across the bridge-insulator (as shown by the diagram in the middle of Fig.5 ) or directly to a node (as the diagram on the left).
Test shocks were always applied directly to the node. The strength of the conditioning shock was fixed at 50 per cent the threshold at each of the two positions of the commutator.
Latent addition curves were determined first at one position of the corn-Mutator, then at another and finally at the original position.
The curve A in Fig.5 was obtained with two condenser shocks (10 microseconds duration) applied directly to a node, and the curve B with the conditioning shock delivered through the two large electrodes and the test shocks through the capillary electrode. In all cases, stimulating pulses caused currents which tended to make the node of Ranvier on the proximal side of the bridgeinsulator cathodal.
It was discovered by this method that a brief shock applied across the bridgeinsulator brings about at the node of Ranvier a change in the threshold having a long, slow temporal configuration.
As the test shocks were given directly to the node, it is evident that the curves in Fig. 5 represent the effects which the conditioning shock evokes at the node of Ranvier under investigation.
Curve A in this figure is essentially the same as the curve A in the preceding figure.
The fact that the curve B in Fig.5 shows a slow, long configuration, just as the curve B in the preceding figure, indicates undoubtedly that a shock applied across the bridge-insulator induces at the node an excitatory effect having a long, slow configuration.
The maximum threshold reduction amounted, as can be seen in the figtfre, to 50 per cent in both cases. But, the interval at which the maximum threshold reduction was attained was not the same in the two cases.
In curve A, a maximum threshold change was observed when the shock interval was equal to zero, while in curve B the maximum change was encountered when the conditioning shock preceded the test shock by approximately 20 microseconds. The data presented in Fig.5 , right, were obtained with the time interval from S1 (applied across the bridge-insulator) to S2 (applied to the node) fixed at 22 microseconds.
The threshold strength for the first shock (applied without accompaniment of the second shock) was, in this preparation, approximately 1.07 volts (condenser shock of the time constant of 10microseconds), and that for the second shock was about 6.2 volts.
When the strengths of these two shocks were so adjusted that threshold was attained by concurrent action of these two shocks, it was found that the relation between such strengths of shocks could be expressed by a good straight line.
We have already seen in the experiment of Fig.2 that the strength for a brief stimulating pulse shows a sharp minimum at the node of Ranvier. This fact, together with the experimental result shown in Fig.5 , right, convinces us that brief shocks excite a nerve fiber only at the nodes of Ranvier.
The curve B in Fig. 5 tells us very clearly that a conditioning shock applied across a bridgeinsulator builds up, at the node on the cathodal side of the bridge-insulator, an excitatory effect which rises gradually and attains maximum after a considerable delay after the end of the shock.
Although the test shock has been applied in these experiments directly to the node under investigation, the field of potential acting upon the fiber is by no means localized at the node. The diameter of the capillary electrode employed was about 65 microns in diameter, and, in the space around the orifice of the capillary electrode, the potential is expected to vary inversely as the distance from the orifice. It would be natural to assume therefore that, even when a shock is given through a capillary electrode placed directly on a node of Ranvier, the excitatory effect reaches maximum a short period after the maximum of the applied voltage has been reached.
By a series of previous experiments, it has been established that the latent ICHIJI TASAKI addition curve (determined with the strength of the conditioning shock fixed at a value less than 50 per cent threshold) represents the time course of development of the local excitatory state, if the "interval" axis (abscissa) is converted into the "time" axis by shifting the vertical axis leftwards by the period which the local excitatory state requires to attain maximum.
The local excitatory state built up at the node behaves in accordance with the principle of proportionality and superposition:
The time course of the excitatory state varies directly as the strength of the shock, and, when two shocks are applied at a given interval, the resultant excitatory state produced by these shocks is given by the sum of the components set up by the individual shocks. When the maximum value of the excitatory state surpasses a definite critical value, a nerve: impulse is released (Tasaki (17,18) , 1942, 1950).
Spread of electrotonic potential along the myelin-covered portion of the nerve fiber.
It has been shown by several different types of experiments (Tasaki (16, 19) , 1940,1942 etc.) that the myelin sheath which covers the axis-cylinder behaves like a leaky condenser.
An action-e.m.f., which appears at the plasma membrane at a node of Ranvier and decays linearly in a period of 1 to 2 milliseconds, generates, through the myelin-covered portion of the fiber on both sides of the active node, a current which decays approximately exponentially with time constant of about 100 microseconds.
The current flowing through the myelin sheath is considered to charge up the distributed capacity there, and the potential difference across the layer of dielectric surrounding the axis-cylinder makes the cur rent spread farther along the fiber.
In an entirely analogous manner, a constant voltage applied to the fiber-across a bridge-insulator is considered to cause a spread of "electrotonic" potential along the myelin-covered portion of the fiber, and the time required for the potential to attain the steady final level should be, at a point 0.5 to 1millimeter away from the site of application of the constant voltage, of the order of 200 microseconds.
Let us now consider how a potential difference is developed across the surface membrane of the nerve fiber at the neighboring node when a constant voltage is applied to a bridge-insulator.
It is evident from what has been stated above that the potential difference there arises along a sigmoid curve which reaches a steady final level about 200 microseconds or more after the start of the constant voltage.
Next, we shall consider the manner in which the local excitatory state develops at the node under these circumstances.
According to the principle of proportionality and superposition which governs the development of the local excitatory state, the effect of a constant voltage should be given by an integral of the effect brought about , by a brief voltage pulse. As the excitatory state caused by a brief shock applied across a bridge-insulator is shown to exhibit a long, slow configuration (curves B in Figs.4 and 5 with the vertical axis shifted leftwards), the excitatory state resulting from application of a constant voltage across a bridge-insulator should rise along a sigmoid curve, the steady final level being attained about 200 microseconds after the start of the voltage.
We are finally prepared to compare the time course of development of the local excitatory state with the potential difference across the surface membraneat the node. From the experimental results stated above, it is evident that the local excitatory state is to be correlated with the potential difference across the surface membrane at the node. The time course of the excitatory state observed coincides perfectly with what the potential difference across the surface membrane at the node is expected to show. Thus, we are led to conclude that the local excitatory state in the nerve fiber is nothing but the potential difference across the surface membrane of the nerve fiber at the node of Ranvier.
From the conclusion just mentioned, it is expected that, if a stimulating voltage is applied directly across the surface membrane at the node, there should be no delay in the development of the excitatory state.
Under such circumstances, the threshold condition for brief shocks should be given by "voltage constant," the quantity-duration relation tending, as the consequence, to zero as the duration approaches zero.
It is however practically impossible to localize the applied voltage at the plasma membrane of the node of Ranvier.
Even with a micro-electrode of an infinitesimal dimension, the field. of potential in the fluid medium spreads around the orifice of the electrode, generating outward-directed currents through the myelin sheath on both sides of the node of Ranvier on which the negative microelectrode is placed.
The current which traverses the myelin sheath charges up the capacity there and causes a slow, retarded potential change across the-plasma membrane at the node. The spread of such an "electrotonic" potential seems to be appropriately described by the telegraphic equation, just like the process of propagation of potential wave along a submarine cable (Hermann (6), Cremer (2)). level of the excitatory state in these two cases is naturally to be ascribed to the leakage of a steady current through the myelin sheath. On removal of the voltage, which, according to the principle of superposition, can be regarded as a start of a new voltage (of the equal magnitude but of the opposite sign) at that moment, a similar difference in the rate of decay of the excitatory state is observed between the two cases.
Principle of superposition enables us to compute, from the curves A and B in Fig.6 , the time course of the excitatory state set up by a brief rectangular voltage pulses; it is given by the slope (the first derivative) of the curve multiplied by the duration of the pulse.
In all cases the magnitude of the excitatory state varies directly as the applied voltage.
The latent addition curves obtainable by this procedure from the curves of Fig.6 show, as is expected from what has been stated on the preceding pages, that, the farther the site of application of the pulse from the node is, the slower and the more gradual is the develop: memt of the excitatory state at the node. And, all these behaviors of the local excitatory state can fully be accounted for under assumption that it is identical with the potential difference across the surface membrane at the node.
DISCUSSION
The conclusion at which we have arrived in this paper has undoubtedly an important bearing on the whole problem of electric excitation and impulse transmission in the excitable tissues.
Dependence of the muscle's chronaxie upon the size of the stimulating electrode has been established long ago by Davis (4), (1923) , and this phenomenon we should now explain as indicating the presence of distributed capacity along the surface of the muscle fiber. According to the result of impedance measurements by. Cole and Curtis (3)(1936), the characteristic frequency is lower in the muscle than in the frog nerve, and we may now correlate this with the slower propagation of the electrotonic potential along the muscle fiber and eventually with the greater chronaxie in the muscle.
From what has been stated above, it is clear that the internodal transmission time in the myelinated nerve fiber, namely, the latency in excitation of a node by an activ-e.m..f. at the adjacent node, is determined primarily by the rate of spread of the "electrotonic" potential along the myelin-covered portion between the two neighboring nodes.
Consideration on this point supplies us a basis to explain the correlation between the rate of impulse transmission and the rapidity of the tissue in electric excitation (Lapicque (11), 1926) . A further discussion of these and related problems will be reserved to a subsequent paper. SUMMARY 1. Electrical currents of varying configurations were applied to single nerve fibers of the toad either through a micro-electrode placed directly on one of the nodes of the fiber or through a pair of large electrodes immersed in the pools of Ringer on both sides of a bridge-insulator.
2. It was shown that the time course of the local excitatory state produced at the node by a brief shock depends markedly upon the mode of application of the shock to the fiber. A brief shock applied at a point far from a node was found to produce, at the node, an excitatory state which attains maximum after a considerable delay. A shock applied directly to a node was shown to induce an excitatory state which grows and decays faster than that caused by a shock applied to the node indirectly.
3. Considering that the action current led through the myelin sheath decays approximately exponentially with time constant of about 100 microseconds, propagation of the potential wave (electrotonic potential) was discussed. It was concluded that the local excitatory state is nothing but the potential difference across the surface membrane at the node of Ranvier,
The importance of these results in the whole problem of electric excitation and impulse transmission in the tissues was emphasized.
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